Resistance to superinfection by a vigorously replicating, uncloned stock of simian immunodeficiency virus (SIVmac251) stimulates replication of a live attenuated virus vaccine (SIVmacC8) Vaccination with live attenuated simian immunodeficiency virus (SIVmacC8) confers potent, reproducible protection against homologous wild-type virus challenge (SIVmacJ5). The ability of SIVmacC8 to confer resistance to superinfection with an uncloned ex vivo derivative of SIVmac251 (SIVmac32H/L28) was investigated. In naïve, Mauritian-derived cynomolgus macaques (Macaca fascicularis), SIVmac32H/L28 replicated to high peak titres (.10 8 SIV RNA copies ml
INTRODUCTION
Attenuated simian immunodeficiency virus (SIV) vaccines elicit reproducible, potent protection against detectable infection with wild-type virus challenge via mucosal (Cranage et al., 1997; Nilsson et al., 1998) and parenteral Daniel et al., 1992) routes. While live retrovirus-based vaccines raise profound safety concerns (Baba et al., 1995 (Baba et al., , 1999 , studies in macaques may lead to an understanding of how such vaccines operate. The ability for live attenuated SIV to protect against wild-type virus challenge and the parameters governing this protection are of crucial importance in unravelling which responses might be required to develop a successful AIDS vaccine. A role for antiviral antibodies is unlikely, since vaccination with live attenuated SIV confers protection against challenge with chimeric simian-human immunodeficiency viruses (SHIVs) expressing human immunodeficiency virus (HIV)-1 envelope which is not cross-neutralized in vitro (Bogers et al., 1995; Dunn et al., 1997; Wyand et al., 1999) and since transfer of immune serum has not transferred protection (Almond et al., 1997) . Live attenuated SIV elicits potent, long-lived CD4 + responses (Gauduin et al., 1999; Sarkar et al., 2002) and CD8
+ responses (Johnson et al., 1997; Nixon et al., 2000; Sharpe et al., 2004) in macaques. Depletion of CD8 + T cells with humanized anti-CD8 monoclonal antibodies (mAbs) results in increased primary and set-point viraemias (Matano et al., 1998; Jin et al., 1999; Schmitz et al., 1999; Stebbings et al., 2005) . However, as noted by McMichael (2006) , the impact of depleting CD8
+ lymphocytes on protection against wild-type virus challenge has been inconsistent between studies (Schmitz et al., 2005; Stebbings et al., 2005) .
Different outcomes may be due to the different vaccine viruses used and/or different biological properties of the challenge virus, as well as the host species. In cynomolgus macaques, vaccination with SIVmacC8 for 3 weeks is sufficient to protect against detectable infection with the homologous wild-type virus clone SIVmacJ5 (Stebbings et al., 2004 (Stebbings et al., , 2005 . SIVmac239Dnef and SIVmac239D3 vaccines in rhesus macaques, however, require significantly longer periods to elicit protection (Connor et al., 1998; Wyand et al., 1996) .
In the current study, an ex vivo, uncloned stock of SIVmac251 derived for vigorous replication in cynomolgus macaques was used. The kinetics of virus replication and pathology in lymphoid tissue induced by this new stock, SIVmac32H/L28, were characterized in naïve cynomolgus macaques. Vaccination with SIVmacC8 20 weeks prior to infection with SIVmac32H/L28 prevented detection of this virus in the blood over 6 months and yielded no evidence of superinfection with the challenge virus in 2/4 vaccinates. Infection 3 weeks after vaccination conferred less potent protection, yet one macaque was protected against detectable infection with wild-type virus. Detailed analysis of the viral kinetics after SIVmac32H/L28 challenge in both protected and superinfected macaques revealed evidence of restimulation of the vaccine virus. The implications of this in explaining the mode of protection are discussed.
METHODS
Virus stocks. The vaccine virus, SIVmacC8, is a virus clone with an attenuated phenotype in vivo Rud et al., 1994) due to a 12 bp in-frame deletion in nef and two further conservative amino acid changes. Macaques were inoculated intravenously with 5000 TCID 50 SIVmacC8 (9/90 pool; Almond et al., 1992) , with an end-point titre of 10 4 TCID 50 ml 21 on C8166 cells . Wild-type challenge virus, SIVmac32H/L28, was prepared by inoculation of a cynomolgus macaque (L28) with 10 MID 50 11/88 stock of SIVmac251/32H reisolate (Stott et al., 1990; Cranage et al., 1992) ; the macaque was killed humanely after 9 weeks. Disaggregated, Percoll-purified spleen cells were cultured in RPMI 1640, 9 % (v/v) fetal calf serum (FCS), 2 mM glutamine, 100 IU ml 21 penicillin/ 100 mg streptomycin ml 21 , 5 mg phytohaemagglutinin (PHA) mitogen ml 21 and 10 IU IL-2 ml 21 at 37 uC in a CO 2 incubator for 15 days. At days 4, 8 and 11, cultures were split 1 : 2 and fed with fresh medium containing IL-2 but not PHA until day 15. Cells were sedimented (800 g for 5 min) and the supernatant was aliquoted and stored in liquid nitrogen vapour. In vitro titration of the SIVmac32H/ L28 7/8/92 stock determined on C8166 cells was 10 3.5 TCID 50 ; this was found to be 10 4.5 MID 50 following intravenous inoculation of cynomolgus macaques in vivo.
Experimental outline. Eighteen naïve, D-type-retrovirus-free, juvenile cynomolgus macaques (Macaca fascicularis) were used in accordance with UK Home Office guidelines. The primary replication kinetics of SIVmac32H/L28 were determined by inoculating four naïve Mauritian-derived cynomolgus macaques (Z3-Z6) with 10 MID 50 SIVmac32H/L28, sampled 0, 3, 7, 10, 21, 29, and monthly until 24-26 weeks.
In the vaccine study, four cynomolgus macaques (A138-A142; group A) were inoculated by intravenous injection of 5000 TCID 50 SIVmacC8; 17 weeks later, a further four (A143-A146; group B) were vaccinated identically. Three weeks later, all eight vaccinates and four naïve challenge controls (A147-A150; group C) were challenged with 10 MID 50 SIVmac32H/L28. Macaques were bled at 14, 28, 56, 84, 112 and 170 days and killed humanely~24 weeks p.c. with SIVmac32H/L28. Two additional macaques (W341/W342) were challenged intravenously with 10 MID 50 SIVmac32H/L28 and exsanguinated 14 days later under terminal anaesthesia. EDTAtreated plasma was collected, split into aliquots, stored at 280 uC and used to derive SIV RNA reference materials.
Quantification of SIV RNA. SIV RNA levels in plasma were determined by quantitative real-time RT-PCR (qRT-PCR), calibrated using the SIV RNA reference materials derived from the 14-day bulk bleed of macaque W342. Viral RNA was extracted from 140 ml plasma using viral RNA mini-kits (QIAamp; Qiagen) eluted in a total volume of 50 ml AVE buffer. RNA (5 ml) extracted from reference or experimental samples was amplified in triplicate, by using the Brilliant QRT-PCR plus Core Reagents one-step kit (Stratagene). Oligonucleotide primers and probe sequences, located in conserved regions of gag, were optimized at 300 and 100 nM respectively. qRT-PCR was performed with forward (59-AGTGCCAACAGGCTCA-GAAAA-39) and reverse (59-TGCGTGAATGCACCAGATG-39) primers and Taqman hydrolysis probe [59-(69-FAM-TTAAAAAG-CCTTTATAATACTGTCTGCG-BHQ1)-39]. The amplification profile was optimized at 51 uC for 30 min for the reverse transcription step, inactivation/activation of Taq polymerase (Stratascript) at 95 uC for 10 min, and 45 cycles of denaturation (95 uC for 30 s) and annealing/ elongation (60 uC for 90 s) on an Mx3000P genetic analyser (Stratagene); quantitative data was determined using the Mx3000P software. The lower level of sensitivity of the qRT-PCR assay is 50 SIV RNA copies ml 21 plasma.
Detection and quantification of SIV DNA. SIV infection and proviral SIV gag DNA levels were determined by quantitative PCR (qPCR), using the same primer/probe sequences as the qRT-PCR assay. Genomic DNA was extracted from whole blood or lymphoid samples as previously described (Clarke et al., 2003) . The concentration added to each PCR assay was determined retrospectively using a fluorometic DNA quantification kit (Sigma) in a microtitre format. Aliquots of DNA (1 ml) were assayed in triplicate, by using a Taqman Universal PCR Master Mix (ABI) against a standard curve of the p2-LTR plasmid (Clarke et al., 2003) serially diluted in herring sperm DNA (60 mg ml 21 ). Amplifications were performed on an Mx3000P analyser (Stratagene) with a thermal profile of initial hot start at 95 uC for 10 min, followed by 95 uC for 30 s and 60 uC for 1 min for 45 cycles. Optimal primer and probe concentrations were 900 nM and 225 nM, respectively. SIV DNA levels were expressed as copies of SIV DNA per 10 5 peripheral blood mononuclear cells (PBMC) or mononuclear cells (MNC). The absolute limit of detection is a single SIV DNA copy, determined by limit-dilution analysis and Poisson statistics.
Serological and virological assays. Binding antibodies to SIV envelope gp130 (EVA670 CFAR/NIBSC) were determined by enzyme immunoassay as described previously (Stebbings et al., 2004) . Neutralizing antibody titres were determined by mixing serum diluted in RPMI containing 10 % FCS with virus. The serum dilution representing 75 % inhibition of p27 antigen production was recorded as the titre (Kent et al., 1994) . The 11/88 virus stock of SIVmac251/ 32H (Almond et al., 1992) represented the challenge virus and SIVmacJ5 represented the vaccine virus (Stebbings et al., 2002) . Virus isolation from Ficoll-purified PBMC was determined by co-culture with C8166 indicator cells up to 28 days, by syncytium formation and p27 antigen detection Almond et al., 1990) .
Immunological and haematological analyses. CD3 +
/CD4
+ and CD3
+ lymphocyte populations were monitored in whole blood by flow cytometry following immunostaining with crossreactive anti-human mAbs. Whole blood (200 ml) was incubated with 10 ml fluorescein isothiocyanate (FITC)-labelled anti-monkey CD3 monoclonal antibody FN18 (Serotec), 20 ml phycoerythrin (PE)-labelled anti-human CD4 mAb Leu-3a (BD Biosciences) and 10 ml APC-labelled anti-human CD8 monoclonal antibody 3B5 (Caltag Laboratories), for 1 h at 4 uC. FACS lysing solution (BD Biosciences) was used to remove red blood cells; cells were washed twice in PBS containing 4 % (v/v) FCS and 0.1 % sodium azide. Samples were fixed overnight in 2 % (v/v) formaldehyde in PBS, gating on the lymphocyte fraction, then analysed by FACS (FACSCalibur; BD Biosciences). Platelet counts were monitored to assess gross haematological changes as an independent marker of disease onset.
Cellular immune responses against SIV nef. Intracellular gamma interferon (IFN-c) detection by flow cytometry was used to investigate cellular immune responses to specific peptides from SIVmacJ5 Nef protein. Percoll-purified PBMC in RPMI 1640 medium supplemented with 10 % FCS containing 50 IU penicillin or streptomycin ml 21 (Gibco-BRL) were rested overnight prior to incubation for 1.5 h with individual and pooled SIV Nef 9-mer peptides (5 mg ml 21 ; EVA7071.1-36; CFAR/NIBSC) and co-stimulatory antibodies anti-CD28 and anti-CD49D (1 mg ml
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; BD Biosciences). SIV Nef pool 1 consisted of seven peptides (2, 4, 9, 13, 19, 20 and 21) , Nef pool 2 consisted of eight peptides (3, 7, 8, 10, 16, 18, 22 and 25) , Nef pool 3 consisted of nine peptides (1, 5, 6, 12, 14, 15, 23, 24 and 30) , Nef pool 4 consisted of six peptides (11, 17, 26, 27, 28 and 29) and Nef pool 5 consisted of six peptides (31-36). Brefeldin A (10 mg ml 21 ; Sigma-Aldrich) was added to the culture, incubated for 5 h and refrigerated overnight. Cultured PBMC were fixed and permeabilized (Fix and Perm; Caltag Laboratories), stained with anti-monkey CD3 FITC conjugate (Serotec), anti-human IFN-c PE conjugate (Caltag Laboratories) and anti-human CD8 APC conjugate (Caltag Laboratories) as previously described (Stebbings et al., 1998) . Data collected on a FACS Calibur cytometer (BD Biosciences) were analysed using CXP software (Beckman Coulter).
SIV nef sequence analyses. Differential PCR analysis of Dnef vaccine SIVmacC8 and wild-type SIVmac32H/L28 was performed using nested SIV nef-specific PCR primers spanning the entire nef open reading frame. Outer primers (forward, 59-ATGGGTGGAGCTA-TTTCCAGGA-39 and reverse, 59-TGAGCGAGTTTCCTTCTTGTCA-39) and inner primers (forward, 59-ACCAGTGATGCCACGAGTTCC-39 and reverse 59-GCCATGTTAAGAAGGCCTCT-39) were used with AmpliTaq Gold reagents (Roche Diagnostics) according to the manufacturer's instructions. Undiluted and limiting template PCRs were digested using RsaI (Rose et al., 1995) to determine the relative frequencies of SIVmacC8/SIVmac32H/L28 in PBMC DNA or plasma RNA by RT-PCR using Titan kits (Roche Diagnostics). Additional nef sequence analysis was performed on PBMC and MNC DNA or plasma RNA. Amplicons were cloned into a TOPO TA cloning vector (Invitrogen) or sequenced directly using an automated capillary DNA sequencer (ABI Prism 3130).
Amplification and sequencing of SIV Env. SIV Env sequence analysis of replication-competent virus was determined by deriving fragments by an initial RT-PCR amplification step from plasma using Titan reagents (Roche Diagnostics) by nested PCR. Env sequence was determined by direct sequence analysis of product amplified from plasma-derived virus by RT-PCR.
In situ hybridization (ISH). ISH was performed on lymphoid tissues [spleen, mesenteric and peripheral lymph nodes (MLN and PLN, respectively)] collected post-mortem as described previously (CantoNogues et al., 2001) . Hybridization mixes consisted of sense and antisense probes to SIV gag, env and nef transcripts. ISH-positive cells were quantified by determining numbers of positive cells within up to 10 random fields of view (610 lens and 610 eyepiece magnification; equivalent to 2.2 mm 2 ); these were counted manually and converted to mean number of positive cells mm 22 expressed in a grading key (see Table 3 ).
RESULTS

Properties of SIVmac32H/L28 in cynomolgus macaques
The kinetics of SIVmac32H/L28 replication were determined for 21 weeks (Z3-Z6; Fig. 1a ) and compared overall with similar time points described for SIVmacJ5 and SIVmacC8 in a previous study by Clarke et al. (2003) , which were re-evaluated using the qRT-PCR assay (Fig.  1b) . Plasma SIV RNA was detected in 3/4 macaques at day 3 p.c. and rose markedly, peaking at day 10 p.c. (log 10 mean SIV RNA loads of 7.46±0.38 copies ml 21 ). Group mean levels for SIVmac32H/L28 at day 29 and day 56 were log 10 6.23±0.31 and log 10 5.65±0.51 SIV RNA copies ml 21 , respectively. The same time points for SIVmacJ5 were statistically significantly lower (Mann-Whitney, P,0.03). Peak and persistent levels of SIVmac32H/L28 viraemia were consistently higher than SIVmacJ5 or SIVmacC8, persisting at log 10 .4.5 in Z3, Z4 and Z6 though the levels declined in Z5. Similar trends to the viral RNA (vRNA) data were reflected by co-culture analysis of infected cells at days 7 and 10 (log 10 3.12±0.43 and log 10 4.12±0.24 infected cells per million PBMC).
Following SIVmac32H/L28 challenge, white blood cells were transiently reduced at day 7; they recovered by day 28, but remained below pre-bleed levels (data not shown). Platelet numbers fluctuated in Z4/Z5 but were reduced in Z3/Z6. Z6 remained below the reference range (50 platelets ml 21 ) beyond day 85. Analysis of lymphoid tissues postmortem, which was 21 weeks post-infection with SIVmac32H/L28, revealed distinct foci of virus-infected cells as clusters of cells expressing vRNA by ISH. High intensities of infection were concentrated around the subcapsular sinuses (see Supplementary Fig. S1 , available in JGV Online). These characteristics of SIVmac32H/L28 indicated that it was an appropriate robust virus challenge to evaluate the potency of protection conferred by vaccination with SIVmacC8 in cynomolgus macaques.
Vaccination with SIVmacC8
All eight vaccinates (groups A and B) seroconverted; anti-SIV rgp130 was detectable in 7/8 vaccinates by 3 weeks and in all vaccinates by 8 weeks (Fig. 2) . In group A, 20 weeks after SIVmacC8 vaccination, binding anti-rgp130 antibody titres were log 10 2.6-3.7. Cellular immune responses to SIV Nef peptides were assessed for groups A and B 3 weeks after vaccination with SIVmacC8; this indicated that there were high levels of effector cells in peripheral blood. Anti-Nef cellular responses were detected by intracellular IFN-c staining (Fig. 3 ) in A141/A142 (group A) and A143/A144/ A145 (group B). All vaccinates (groups A and B) were SIV DNA PCR-positive 21 days after inoculation. SIV RNA levels at day 14 were log 10 3.36±0.14 and 2.96±2.31 copies ml 21 for groups A and B, respectively, which, in group A vaccinates, became undetectable from day 56 until challenge with SIVmac32H/L28. On the day of SIVmac32H/L28 challenge, neutralizing antibody titres against SIVmacJ5 (representing the vaccine virus SIVmacC8) were less than 1/10 in A139-A141 (group A), 1/60 in A142 and~1/30 in A143-A146 (group B). Neutralization titres against SIVmac251/32H were less than 1/10 in all vaccinated macaques.
Outcome of SIVmac32H/L28 challenge SIV RNA levels. qRT-PCR evaluation of SIV RNA levels are shown in Fig. 4 . In challenge controls (group C), SIV RNA levels rose rapidly, peaking at 14 days (log 10 Resistance to uncloned SIV in vaccinated macaques 8.24±0.39 SIV RNA copies ml
21
). By contrast, vRNA levels in group A remained below detection (,50 SIV RNA copies ml 21 ), a statistically highly significant observation even at a 99 % confidence interval (Mann-Whitney P,0.001). In challenge controls, SIV RNA levels decreased to log 10 5.51±0.19 copies ml 21 by day 112, but they remained undetectable in A139/A140 (group A).
Fluctuating low levels (,10 3 SIV RNA copies ml 21 ) remained detectable in A141/A142 from 28 days p.c. with SIVmac32H/L28.
In group B, intermediate levels of SIV RNA were detected. At the time of SIVmac32H/L28 challenge, SIV RNA was detected at low levels in all four macaques, representing residual replication from SIVmacC8 vaccination 21 days earlier (mean, 2.66±0.31 log 10 SIV RNA copies ml
). At 14 days p.c. with SIVmac32H/L28, SIV RNA was undetectable in one macaque (A144); however, it increased in A143, A145 and A146 (mean level at day 14 for all four macaques, 6.12 log 10 SIV RNA copies ml
). This was statistically significantly lower than challenge controls (A147-A150) at 14 days p.c. with SIVmac32H/L28 (Mann-Whitney test, P50.03, CI 95 %). In A144, detectable SIV RNA reappeared subsequently, peaking at day 28 (4.61 log 10 SIV RNA copies ml 21 ). After day 28 p.c., profiles in group B diverged, with A143/A146 maintaining .10 4 SIV RNA copies ml 21 , whereas plasma virus loads declined to ,10 3 SIV RNA copies ml 21 in A144/A145, which became undetectable by 100 days p.c. in A144. By 56 days p.c. with SIVmac32H/L28, SIV RNA levels in group B were below those of challenge controls (A147-A159; Mann-Whitney test, P50.06, CI 95 %). Long-term profiles also differed from day 84 p.c., with SIV RNA levels for A143/A146 remaining stable (10 4 -10 5 SIV RNA copies ml 21 ), compared with A144/ A145 where SIV RNA levels were ,10 3 copies ml
.
SIV DNA levels in peripheral blood. Levels of SIV gag DNA in peripheral blood were quantified by RT-PCR (Fig. 5) . In challenge controls, levels of SIV DNA rose sharply after infection with SIVmac32H/L28, ranging between 10 4 and 10 5.5 SIV DNA copies per 10 5 PBMC at days 14 and 28 p.c. Peripheral SIV DNA levels decreased to 10-300 copies per 10 5 PBMC by day 84 p.c. Analysis of blood, spleen, MLN and PLN post-mortem (day 198 p.c.) detected 150-800 SIV DNA copies per 10 5 MNC in lymphoid tissues and slightly lower in blood (50-150 DNA copies per 10 5 PBMC). SIV DNA levels were consistently higher in MLN. In 20 week vaccinates (group A), SIV DNA was undetectable in the blood of A139/A140 throughout, but it was detected over the same period in A141/A142, though it never exceeded 10 3 SIV DNA copies per 10 5 PBMC. SIV sequences were detected in selected lymphoid, predominantly spleen, tissues post-mortem, though at very low levels in A139/A140 (,10 DNA copies per 10 5 MNC) and marginally higher levels in A141/A142 (10-20 DNA copies per 10 5 MNC).
On the day of SIVmac32H/L28 challenge, SIV DNA ranging between 20 and 200 DNA copies per 10 5 PBMC was detected in three macaques from group B (A143, A145 and A146); it was undetectable in A144. SIV DNA levels increased in all four macaques following SIVmac32H/L28 challenge, although peak levels at day 28 for A144/A145 were 10-fold lower than in A143/A146. From day 56 p.c., proviral loads were ,10 DNA copies per 10 5 PBMC for A144/A145 and 30-100 DNA copies per 10 5 PBMC in A143/A146. Differences in blood were reflected in the levels and distribution of SIV DNA in the spleen, MLN and PLN analysed post-mortem; SIV DNA was present at very low frequencies (,10 copies per 10 5 MNC) in A144/A145 but at higher frequencies in all tissues in A143/A146 (Fig. 5) .
Evidence of SIVmac32H/L28 superinfection. SIV nefspecific PCR was used to detect and differentiate vaccineand challenge-virus-derived DNA in blood 14 and 28 days p.c. with SIVmac32H/L28, and in blood and selected lymphoid tissue post-mortem (see Table 1 ). Wild-type SIV nef sequences were identified in blood and all lymphoid tissue samples from naïve controls that were challenged with SIVmac32H/L28. By contrast, in group A which was vaccinated with SIVmacC8 20 weeks prior to challenge, SIVmac32H/L28 was not identified in blood samples; only the vaccine virus SIVmacC8 was identified. SIVmac32H/ L28 sequences were detected in the spleen and MLN from A141 and MLN and PLN from A142.
Group B showed a more complex mixture of SIV DNA signals. At 14 days p.c. with SIVmac32H/L28, both vaccine and challenge viruses were detected in the peripheral blood of A143, A145 and A146 (Table 1 ). In A144, only SIVmacC8 was detected. Analysis of lymphoid tissue detected SIVmac32H/L28 in spleen, MLN and PLN from A143, in PLN from A145 and in spleen and MLN from A146. No evidence of SIVmac32H/L28 was detected in any tissue sample from A144.
Restimulation of SIVmacC8 after SIVmac32H/L28 challenge. Discriminatory SIV nef DNA-specific PCR revealed that reappearance of SIV DNA in the blood of A141/A142 after rechallenge with SIVmac32H/L28 was due to restimulation of SIVmacC8 alone (Table 1) . This was investigated in greater detail in 3 week vaccinates (group B). The relative frequency of vaccine (SIVmacC8) to challenge virus (SIVmac32H/L28) in A143 and A146 was 1 : 4 and 1 : 12 at 14 days p.c. and at termination, respectively (Table 1) . Sequence analysis of cloned PCR products from selected lymphoid tissues did not identify evidence of sequence repair. Indeed, for A143, the only changes observed were additional deletions in nef that would truncate any expression of Nef protein (data not shown).
Relative proportions of vaccine and wild-type virus RNA in the plasma of A143-A146 at 14, 28 and 170 days p.c. with SIVmac32H/L28 were determined by limiting dilution of template RNA and restriction digestion of product amplified by RT-PCR. Whenever plasma yielded a specific product, the vaccine virus SIVmacC8 was detectable, contributing between 20-100 % of the detectable vRNA signal (Table 2) . Calculated vRNA loads of SIVmacC8 and SIVmac32H/L28, at peak and set-point viraemias, were based on the proportion of nef sequence and the total SIV RNA signal. SIVmac32H/L28 sequences were never detected by RT-PCR nef sequence analysis in A144.
Histopathology and haematological outcomes
The distribution and intensity of staining of cells expressing vRNA in the small intestine, thymus, spleen, MLN and PLN was compared between vaccinates and challenge controls post-mortem. Though probes were unable to differentiate between SIVmacC8 and SIVmac32H/L28, the frequency of detection of SIV-infected cells was similar between vaccinates and challenge controls (Table 3) . However, the distinctive pathology and distribution of SIVmac32H/L28 observed in Z3-Z6 ( Supplementary Fig.  S1 ) was also observed in challenge controls (group C), focused as large clusters of SIV-infected positive cells detected in the sinuses of lymphoid tissues, especially MLN and thymus ( Supplementary Fig. S1 ). This was not observed in any vaccinated macaque, irrespective of evidence of infection with SIVmac32H/L28 ( Supplementary Fig. S1 ).
Changes in the proportion of CD3 + cells for A148/A149 were in the normal range, though those in A147/A150 were in decline by the end of the study, accompanied by platelet loss to below the reference (150 ml
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). Occasional reduction in platelets were recorded for A139, A141, A142, A143, A148 and A149.
Anti-envelope responses
In challenge controls (group C), anti-SIV rgp130 responses detected 4-8 weeks after SIVmac32H/L28 challenge rose rapidly and plateaued with end-point titres between log 10 3.5 and 4.5 (Fig. 2) . Following challenge of group A with SIVmac32H/L28, anti-gp130 titres rose marginally in A141/A142 (end point titres .3.5 log 10 at termination), remaining at lower levels in A139/A140 (log 10 end point titres ,3.0 at termination). Following SIVmac32H/L28 challenge of individuals in group B, end point titres for A143, A145 and A146 were .3.5 log 10 at termination, whereas for A144 titres were ,3.0 log 10 .
SIV envelope sequence
Partial SIV gp130 envelope sequences of SIVmac32H/L28 were derived from acute infection plasma samples (14 days) by RT-PCR from naïve macaques. Bulk sequence analysis of fragments spanning 1472 nucleotides of SIV gp130 envelope [nt 7739-9210 SIVmacJ5 clone SIVMM32H (GenBank accession number D01065.1)], spanning V1, V2 and V3 regions, indicated few nucleotide changes from the published sequence. Alignment of the Table 1 . Outcome of viral challenge based on sensitive genome detection in blood and lymphoid tissues Viral DNA signals were detected by PCR assays specific for SIVmacC8 (C8) or SIVmac32H/L28 (L28), after challenge with SIVmac32H/L28. Qualitative detection of SIVmacC8 and SIVmac32H/L28 nef sequence is indicated by + or 2. No evidence of SIVmac32H/L28 nef sequence was detected in vaccinates A139, A140 or A144 at any time during infection, including in lymphoid tissues. Day 0 samples were not tested for SIVspecific signals.
Day 14
Day 28 Weeks 24-26 Spleen Mesenteric lymph node Peripheral lymph node Macaque 
DISCUSSION
Vaccination of macaques with live attenuated SIV confers potent protection from wild-type virus challenge. In cynomolgus macaques, the nef-disrupted virus vaccine SIVmacC8 protects against detectable infection with a homologous wild-type virus clone SIVmacJ5, as little as 3 weeks after vaccination (Stebbings et al., 2004) . The ability of SIVmacC8 to resist a highly potent, vigorously replicating virus was determined using a novel challenge virus stock (SIVmac32H/L28) 3 or 20 weeks after vaccination with SIVmacC8. SIVmac32H/L28, derived by ex vivo culture of splenocytes from a cynomolgus macaque infected for 8 weeks with uncloned SIVmac251 (32H reisolate) Almond et al., 1992) , caused a reproducibly high peak and persisting viraemia in most vaccine-naïve Mauritian-derived cynomolgus macaques. The magnitude and duration of the viraemia induced by SIVmac32H/L28 is similar to that in rhesus macaques infected with pathogenic stocks of SIVmac (Abel et al., 2003; Lohman et al., 1994; Mascola et al., 2003; Schmitz et al., 2005) , inducing CD4 + depletion, thrombocytopaenia and early signs of disease after 6 months.
Potent resistance to superinfection with SIVmac32H/L28 was identified in macaques challenged 20 weeks after vaccination with SIVmacC8. Two of four macaques showed no evidence of detectable infection with SIVmac32H/L28, the other two exhibited low, sporadic infection which was only detected in deep lymphoid tissues post-mortem. Compared with challenge controls, reductions in vRNA levels post-SIVmac32H/L28 challenge were statistically highly significantly different; if transferred through to a human setting, this would profoundly affect projected disease outcomes. The impact on the outcome of a challenge 3 weeks after vaccination was more complex. After challenge with SIVmac32H/L28, one macaque (A144) was protected from superinfection. In the three remaining macaques (A143/A145/A146), plasma RNA levels increased from readily detectable levels of the vaccine virus. Analysis of virus sequence indicated that up to 50 % of the increased p.c. vRNA signal in plasma was derived from the vaccine virus which replicated alongside the challenge virus. Moreover, in A144, the delayed rebound in viraemia, which exceeded 4.5 log 10 SIV RNA copies ml
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, was composed entirely of the vaccine virus SIVmacC8. This phenomenon of vaccine virus restimulation has been noted previously (Mackay et al., 2004; Sharpe et al., 2004) , though not in the detail nor at the levels observed in the 3 week vaccinates reported here. Analysis of total SIV RNA levels alone, therefore, was insufficient to fully explain the observations. Reports by different groups of the modu- Despite these confounding issues of vaccine-virus restimulation, more marked protection was observed 20 weeks after vaccination, compared with 3 weeks, which concurs with the reports of Connor et al. (1998) and Wyand et al. (1996) which demonstrated that longer periods of vaccination with other attenuated SIV vaccines conferred superior protection against uncloned SIVmac challenge. At the same time, applying the most rigorous definition of protection (no evidence of the challenge virus), the advantage of extended vaccination is minimal: 1/4 were protected 3 weeks after vaccination and 2 of 4 were protected 20 weeks after vaccination. These data bear similarities to the study by Norley et al. (1996) in which 1/4 SIVmacC8-vaccinated rhesus macaques were protected against uncloned SIVmac251 10 weeks after vaccination and also 20 weeks after vaccination. SIVmac32H/L28 is also an uncloned stock of SIVmac251, though analysis of env and nef sequences recovered p.c. did not indicate high levels of sequence divergence from the vaccine virus. However, SIVmac32H/L28 possesses distinct biological properties which may have contributed to its ability to bypass protection conferred by, or the restimulation of, SIVmacC8. The replication kinetics of SIVmac32H/L28 in the first 3-10 days and the period after this appeared to be reflected in differences in the distribution of virus-infected cells that were analysed post-mortem, compared with the distribution of cells infected with SIVmacC8 which are similar to the wild-type homologue SIVmacJ5 (CantoNogues et al., 2001 ). The differences were also more marked than those described in rhesus macaques infected with attenuated and pathogenic stocks of SIVmac (Lackner et al., 1994) . It is unlikely that differences in envelope sequence relating to the pathogenesis of SIV stocks (Marthas et al., 1993) can account for these differences in distribution , as only occasional non-coding changes were identified in biologically functional regions.
While this vaccine study characterized the potency of protection conferred by SIVmacC8, it did not establish directly how vaccination with live attenuated SIV protects individuals. Our previous reports have not identified a central role for adaptive immunity in the protection conferred by SIVmacC8 (Stebbings et al., 2005; Almond et al., 1997) . In this study, neutralizing antibody responses were poor and did not correlate with protection. Similarly, neither the breadth nor frequency of CD8 + T cells that targeted peptide epitopes across Nef correlated with the outcome of challenge. Moreover, the observation that challenge with wild-type virus was associated with restimulation of the vaccine virus whilst eliciting highly effective control of the challenge virus provides an intellectual challenge for the identification of an adaptive immune response as a correlate of this protection.
The apparent paradox of protection conferred by live attenuated SIV was first noted by Paul (1995) . It is difficult to envisage how an adaptive immune response could protect against a wild-type challenge whilst failing to eliminate a genetically closely related and persisting attenuated vaccine virus. This would be possible if the persisting vaccine virus exists in an immunologically privileged site, yet the simultaneous detection of vaccine and challenge viruses argues against this. Our data questioning a role for adaptive immune responses in this study are supported by the observations of Whatmore et al. (1995) , where repair of the attenuating mutation in nef was identified in rhesus macaques vaccinated with SIVmacC8. These revertants had a wild-type phenotype capable of outgrowing the vaccine virus, yet the same macaques were protected against challenge with exogenous wild-type virus. Furthermore, it was shown subsequently that revertant viruses were not vaccine escape mutants when they were used subsequently to challenge new groups of macaques vaccinated with SIV macC8 (Sharpe et al., 1997) .
If adaptive immunity is not central to this vaccine protection, what other mechanisms may be involved? Persistence of the vaccine virus appears to be a key feature of live attenuated SIV vaccination (Mackay et al., 2004) , supporting the hypothesis that replicative capacity is directly related to vaccine efficacy with highly attenuated vaccine strains that require longer to achieve protection . SIVmacC8 is only minimally attenuated and persists at central sites, reflected by cells expressing vRNA in lymphoid tissues in protected vaccinates. Persistence of the vaccine virus may provide constant stimulation for what might otherwise be a shortlived anti-retroviral response, a major component of which may be non-immune. The target cell populations infected by SIVmacC8 at key sites early in the infection process, particularly gut-associated lymphoid tissue (Veazey et al., 1998) , are currently under investigation. Memory T cell populations (CD4 + and CCR5 + ) in the gastrointestinal tract (Mattapallil et al., 2005; Li et al., 2005) are a major site for early wild-type virus replication. Depletion of these cells by the vaccine virus could limit the number of target cells available for subsequent wild-type virus infection. Alternatively, the presence of the vaccine could elicit retroviral interference mechanisms. Interference between retroviruses that share the same cellular receptor, mediated by the envelope protein, is recognized as a method by which superinfection with a second retrovirus may be prevented at the cellular level (Lama, 2003) . It remains unclear as to how this could apply to attenuated SIV vaccines, when the frequency of SIV-infected cells would appear to be a very small proportion of the total number of susceptible cells.
Understanding the relative contribution of innate immunity or intrinsic anti-retroviral responses mediated through TRIM5a and APOBEC3G at local sites of infection such as the gut mucosae, driven by a persisting retrovirus infection, may elucidate further the vaccination mechanism of SIVmacC8. The observation that TRIM5a and APOBEC3G are both upregulated by alpha interferon (Sakuma et al., 2007; Wang et al., 2008) merits further investigation to clarify the role of antiviral innate and intrinsic immunity factors in the protective mechanisms in this model system. Detailed studies of the early pathogenesis, host responses to vaccination and target cell distribution of SIVmacC8 may provide clearer answers to these important questions.
